Abstract Burgeoning cities and a changing climate impose extraordinary stresses on the management of global water supplies. Groundwater flow models can greatly assist pro-active decision making, but their practical application to date has been largely limited to steady-state scenarios that conveniently ignore aquifer storage. In future, aquifer models will prove invaluable for optimizing the use of groundwater resources and confronting the impacts of climate change, but they must be run in "transient mode" that fully incorporates time-variant inflows and outflows. This will impose additional data demands in the form of reliable specific yield values, together with good temporal information on precipitation, potential evaporation, groundwater levels and streamflows. Lack of adequate field data to "fuel" predictive models is emerging as the greatest constraint on tackling groundwater problems caused by climate change.
INTRODUCTION
Explosive population growth, burgeoning cities and a rapidly changing climate are beginning to impose extraordinary demands on our ability to manage available water supplies. Pro-active resource management decisions are required, but these efforts will prove meaningless unless reliable predictions can be made of the impact that changing conditions will impart upon the water cycle and water reserves. The impact of climate change on aquifers is a key concern as groundwater is an integral part of the water cycle and represents over 95% of the freshwater resources that are available globally. Concern is particularly severe across Africa, where Boko et al. (2007) suggest 200 million people are already "water stressed" and decreased groundwater recharge due to climate change could prove devastating.
In recent years, major advances in computer technology have promoted the development of powerful computer codes capable of simulating groundwater flow and contaminant transport in geologically complex three-dimensional (3-D) systems under conditions of variable fluid density and changing boundary conditions. The use of such models is vital both for predicting the impending impacts of climate change and for testing and evaluating alternative resource management strategies. Unfortunately, from a practical standpoint, their application to date has been largely limited to relatively simple steady-state scenarios that conveniently ignore the vital role aquifer storage plays when aquifer inflows and aquifer outflows are not in balance.
In North Africa, the importance of aquifer storage-specific yield and storativity-has been well illustrated by "fossil" hydraulic gradients in the large regional sedimentary basins underlying the Sahara Desert. These appear to be have been maintained for much of the past 20 000 years or more by the slow release of water from aquifer storage (Lloyd, 1986; Lloyd & Miles, 1986) . Similarly, but on a much smaller scale, the sustainability of fractured basement aquifers in subSaharan Africa often depends heavily on water stored and released from the overlying regolith, with well yields showing high susceptibility to drought conditions where the regolith is poorly developed or absent.
In this paper, we use MODFLOW, a popular 3-D finite difference groundwater flow model, to explore the role aquifer storage plays in climatically stressed systems. We argue that more effort must be made to run groundwater flow models in transient mode which incorporates storage, if reliable and effective management decisions are to be made. This will impose additional data demands such that a lack of adequate field data to "fuel" the models may prove to be the greatest constraint to confronting groundwater problems caused by climate change. Wright (1992) describes seven groundwater regions in Africa: fold belts, coastal basins, crystalline basement, Infra-Cambrian and Palaeozoics, sedimentary basins, volcanics, and limestone plateau (Fig. 1) . Crystalline basement aquifers occupy much of the area to the south of the Sahara Desert, while large sedimentary basin aquifers tend to dominate the arid northern part of the continent.
GROUNDWATER REGIONS IN AFRICA

Fig. 1
Groundwater regions in Africa (from Wright, 1992 ; after Dijon -Les Eaux Souterraines de L'Afrique).
Fig. 2
The variation of hydraulic conductivity and porosity with depth in crystalline basement aquifers of Africa (modified after Chilton & Foster, 1995) .
While these two characteristic, but sharply contrasting groundwater regions are the focus of this paper, the principles developed can be broadly applied to all aquifer systems in climatically stressed areas.
Crystalline basement aquifers are a vital source of potable water for well over 200 million Africans, the vast majority living in rural areas of sub-Saharan Africa (MacDonald & Davies, 2000) . Well yields from these aquifers tend to be low, and most wells can sustain only hand pumps. The crystalline basement aquifers comprise fractured and sometimes partially decomposed Pre-Cambrian bedrock more than 550 million years in age, mantled by up to 50 m of regolith, a zone of highly weathered material that is often significantly more permeable and porous than the bedrock (Wright, 1992; Chilton & Foster, 1995; Taylor & Howard, 2001) (Fig. 2) . The thickness of the regolith is largely determined by the annual precipitation, which varies significantly throughout the continent.
Thick saturated regoliths have a significant influence on the sustainability of well yields in the underlying bedrock aquifer. Studies in Uganda, Malawi and Zimbabwe (Chilton & Foster, 1995; Taylor & Howard, 1999a suggest that the transmissivity of the bedrock rarely exceeds 20 m 2 /d and typically averages up to 5 m 2 /d. By comparison, the regolith transmissivity is typically an order of magnitude higher than the bedrock and likely transmits over 90% of the sub-surface flow (Howard & Karundu, 1992) . Moreover, the regolith stores significantly more water than the bedrock aquifer, often exhibiting a specific yield (S y ) of between 18 and 23% (Taylor et al., 2009) . Thus, bedrock aquifers tend to display a leaky-aquifer response during sustained pumping, with vertical drainage from the overlying regolith maintaining steady aquifer water levels. In areas, where the regolith is thin, unsaturated or simply absent, bedrock aquifers will tend to exhibit a classical Theis response consistent with a low, "fractured rock" specific yield of <1%.
In sharp contrast, the large sedimentary basins of North Africa (Fig. 3 ) store immense volumes of water and support very high yielding wells. The largest of these basins are over a thousand kilometres across and comprise sedimentary sequences several kilometres thick. While many of the basins have been studied and developed as aquifers since the early 19th century (Gossel et al., 2004) , the importance of properly understanding and managing these resources has been heightened by the knowledge that most of the sedimentary basin aquifers are transboundary in nature and are undergoing heavy dewatering (Oilfield & Thompson, 2004) with little or no natural recharge (Lloyd & Miles, 1986; Scanlon et al., 2006) .
Probably, the most well documented sedimentary basin aquifer in North Africa is the Nubian Sandstone Aquifer System (NSAS), which mainly underlies Egypt and Libya, but also extends beneath Chad and Sudan. Transmissivity values typically vary between 1000 and 10 000 m 2 /d, while estimates of specific yield range up to 20% or more and well yields locally average 200 m 3 /h (Robinson et al., 2007) . Given the finite nature of these "fossil groundwater" reserves, North African governments are now recognising the need for proactive management of their aquifers, and many groundwater models are under development to investigate a range of management strategies Gossel et al., 2004; Dawoud et al., 2005) . While many of these models have incorporated palaeoclimates in their development, none to date have considered how future climate change may affect model predictions.
CHANGING CLIMATE IN AFRICA
Changes in the African climate during the past 25 000 years are generally well documented. Much of the groundwater currently being pumped from the large sedimentary basins of North Africa originated as recharge during a wetter, cooler, Late Pleistocene climate which lasted for thousands of years until about 20 000 BP (years before present)-the "Last Glacial Maximum" of the Würm or Wisconsin glaciation (Edmunds et al., 2004; Hoelzmann et al., 2004; Oilfield & Thompson, 2004) . This was followed by a period of intense drought, which continued until the onset of the Holocene, about 10 000 BP (Scanlon et al., 2006) . This wet period lasted several thousand years and likely re-established many of the regional hydraulic gradients that had been decaying over the previous 10 000 years. On the basis of isotopic evidence (Edmunds et al., 2004) , the most recent recharge event of any significance in the Saharan region of Africa occurred about 5000 years ago.
After thousands of years of relative stability, anthropogenic effects are set to transform the climate of Africa once again. Despite all the resources invested into forecasting global climates, a high level of predictive uncertainty still prevails. This is particularly true for Africa, where all of the factors influencing climate have yet to be established (Hume et al., 2005) and historical climate data required as input for predictive models are relatively limited. Consequently, there is little consensus on how the African climate will change. In general, various climate change models presented by the International Panel on Climate Change (IPCC) expect overall temperatures to rise by as much as 9°C over northern Africa and 7°C in southern Africa by 2099 (Boko et al., 2007) , with a general increase of 1-3°C expected before 2050 (Balling, 2005) . In turn, temperature changes will influence precipitation and the hydrological cycle with even greater levels of uncertainty. In general, rainfall is expected to reduce in arid and semi-arid areas by 40% but may increase marginally in the tropics (Boko et al., 2007) . These changes will likely be accompanied by greater severity in the extremes, with floods and droughts occurring with much greater frequency.
Changes in climate are expected to have significant impacts on aquifer systems, but the high degree of uncertainty in the forecast models all but precludes any attempt to predict how aquifer recharge may be affected. To date, very few groundwater flow models have been developed to investigate the potential impacts of recharge depletion due to climate change, and those that exist focus on watersheds in North America and Europe (Cooper et al., 1995; Jyrkama, 2004; Scibek et al., 2007; Toews, 2007) .
MANAGING GROUNDWATER IN THE FACE OF CLIMATE CHANGE
Despite current levels of uncertainty concerning the impacts of climate change on groundwater in Africa, much can be achieved by preparing for the worst and ensuring that adequate data and a plan of action are available for appropriate resource management decision-making. In many respects, sub-Saharan Africa represents the greatest concern as reduced aquifer recharge resulting from climate change could seriously deplete sensitive fresh-water reserves in crystalline basement aquifers. By comparison, much of North Africa has seen little or no aquifer recharge since midHolocene times, and climate change is unlikely to impact aquifer resources in a negative way. However, this does not mean that important lessons cannot be learned from the behaviour of aquifers in North Africa. Indeed, the very fact that many of these large sedimentary basins have functioned as aquifers in the absence of recharge for many thousands of years demonstrates the vital role aquifer storage plays when outflow from an aquifer is not matched by inflow. Globally, a commonly adopted practice is to ignore aquifer storage during resource investigations on the assumption that most aquifers are close to steady state. In reality, aquifers rarely achieve steady state and aquifer storage is constantly being utilised to receive and release water on demand. Ultimately, it will be the knowledge, understanding and innovative management of aquifer storage using finely calibrated transient groundwater flow models that will provide sub-Saharan Africa, and similarly threatened areas, with the means required to confront and counter whatever water resource challenges climate change may bring.
Role of aquifer storage in sedimentary basins of North Africa
The importance of aquifer storage in climatically stressed systems is demonstrated below with conceptual model simulations of large, North African sedimentary basins under various management scenarios. Aquifer parameters used in the models are shown in Fig. 4 . In the first series of simulations, the model was allowed to run for 10 000 years to simulate the response of the aquifer to the drought conditions that followed the early Holocene wet period, when aquifer recharge was temporarily restored. This can be considered to represent a "worst case" scenario, since early Holocene recharge may have persisted for 5000 years in some of the wetter regions of North Africa (i.e. until 5000 BP), meaning, the current drought dates back only 5000 years. The model simulations were conducted assuming a confined storage (storativity) of 0. over the 10 000-year period. The findings are comparable to those of Lloyd & Miles (1986) , who performed similar simulations.
In subsequent model simulations, a well field was introduced at the end of the 10 000-year decay period to demonstrate how specific yield influences the aquifer's response to the additional stress of pumping. The results are shown in Fig. 7 . As expected, higher values of specific yield reduce the rate of head decline and prolong the aquifer's ability to supply groundwater under conditions of zero recharge. Change in hydraulic head (m) Fig. 7 Influence of specific yield on the aquifer's response to pumping. Well field pumping rates were set equal to the aquifer throughput as existed at the end of the 10 000-year decay period. Aquifer recharge rates were maintained at zero.
Role of aquifer storage in the crystalline basement aquifers of sub-Saharan Africa
To investigate the potential role of storage in sub-Saharan, crystalline basement aquifers under conditions of climate stress, a series of conceptual transient models were developed using the Aroca catchment of central Uganda as a representative, base case scenario. The Aroca catchment was comprehensively studied and modelled under steady-state conditions by Taylor & Howard (1998 , 1999a ,b, 2000 , 2001 , long before the potential impact of global climate change on African groundwaters was being contemplated. The study area is shown on Fig. 8 . For the purposes of transient model simulation, four scenarios were considered: -A 30-m thick regolith with a high specific yield (S y = 23% (Taylor et al., 2009) ). This scenario approximates existing conditions in the Aroca catchment. -A 30-m thick regolith with a low specific yield (S y = 1%).
-A 10-m thick regolith with a high specific yield (S y = 23%).
-A 10-m thick regolith with a low specific yield (S y = 1%).
In all model simulations, values of hydraulic conductivity for the regolith and the bedrock aquifer were set at 10 m/d and 1 × 10 -3 m/d, respectively. With these parameters, the bedrock accounts for between 1 and 10% of groundwater flow under steady-state conditions. The value of 10 m/d for the regolith may appear slightly high, but is warranted in a catchment that discharges significant volumes of water under relatively low hydraulic gradients. Bedrock was assigned a specific yield of 0.001 and a storativity of 10 -5 ; aquifer recharge was set at 80 mm/year for the thick-regolith scenario and 50 mm/year for the thinner aquifer. A value of 80 mm/year approximates the estimated rate of recharge in the Aroca catchment and 50 mm/year represents the maximum recharge a thinner regolith can reasonably accept and transmit without generating unacceptably high hydraulic gradients.
For each of the four scenarios, recharge reductions of 50, 75, and 100% were applied, to represent possible impacts associated with climate change. The results for the 50% and 100% scenarios are shown for an observation well located in the upper reaches of the catchment in Fig. 9 . They show the predicted water level change over a period of 250 years, as compared to the steady-state water level that would be expected under normal recharge conditions.
In all cases, reduced aquifer recharge leads to a decline in the water table with the most rapid rates of decline occurring when the specific yield of the regolith is low and the regolith is thin. For a 50% reduction in recharge (Fig. 9(a) ), the water table in both the thin and thick regoliths declines by less than 1 m in 30 years when the specific yield is high (23%). By comparison, the water table declines over the same period by almost 1.5 m for the thick regolith with a low specific yield (1%) and by about 2.5 m for the thin regolith with a similarly low specific yield. Significantly, while a high specific yield helps to minimise the rate of water level decline in the thinner regolith during early years, the slow decline in head continues throughout the 250-year simulation period, while water levels in the thick regolith and the thin regolith with high specific yield tend to stabilise. Similar results were found for reductions of aquifer recharge of 75% and 100% (i.e. no recharge), but the effects are greatly accentuated. Findings for the 100% scenario are included in Fig. 9(b) . Low values of specific yield cause very rapid declines of the water table over the first 30-50 years, but approach steady state relatively quickly. High values of specific yield significantly ameliorate early rates of water level decline, but considerably prolong the time required for steady state to be reached. Extrapolation of data presented in Fig. 9 suggests low specific yield aquifers approach steady state in about 100 years, while high specific yield aquifers take closer to 500 years.
IMPLICATIONS FOR MANAGEMENT MODELS AND DATA COLLECTION
During the past 40 years or more, numerical groundwater flow models have proved invaluable for evaluating groundwater resources and testing alternative approaches to managing aquifer systems. Such models also promise to be an important tool for predicting the effects of climate change on aquifer behaviour and investigating various means of mitigating impacts. The model codes are certainly well advanced and the necessary hardware is universally available. If there is a problem, it concerns the nature and quality of data required to ensure numerical model simulations are sufficiently reliable for the task at hand. The series of relatively simple model simulations described here demonstrates the importance of running models under transient conditions when aquifer inflows and outflows vary significantly with time. Such an approach is clearly essential for forecasting aquifer behaviour under climate change scenarios. In turn, transient models demand reliable values of aquifer storage, a property that is commonly ignored but is critical, as it dictates how water surpluses and shortfalls translate into water levels that drive groundwater flow.
Particularly important is the aquifer's specific yield, a parameter that only becomes active when the water table varies with time in aquifers that are unconfined. This parameter is not easy to determine without long-term information on aquifer recharge rates and water table fluctuations, or without well designed pumping tests carried out for perhaps weeks or months to overcome the problems of delayed yield. However, as demonstrated here, specific yield has a profound effect on transient aquifer behaviour and can delay by many hundreds of years the re-establishment of steady-state conditions in an aquifer that has been disturbed and thrown out of balance by pumping or a change in recharge rate.
At present, the likely impacts of climate change on Africa's groundwater remain speculative. However, much can be done to ensure the resource manager's response is prompt and effective. While sub-Saharan Africa is clearly the priority, much can be learned from the knowledge and experience gained in the arid north. Aquifer storage plays a key role in climate-stressed aquifer systems and the ability to utilise aquifer storage to its best effect is essential. Under conditions of reduced aquifer recharge, this may simply mean exploiting the benefits of water released from high storage systems using sound management principles that balance the socio-economic benefits with potential undesirable effects such as environmental damage. However, aquifer storage can also be utilised to good effect by infiltrating excess water during storm events, or by limiting its use to periods when surface water supplies are inadequate. While none of these aquifer management approaches can be considered novel, it is rare for such measures to be judiciously planned and executed with a sound, scientific understanding of the short-and long-term aquifer response. In future, transient groundwater flow models, based on a sound knowledge of aquifer geometry, and primed with reliable aquifer storage data, including specific yield, will be essential for proactively managing the impacts of climate change. Preparations for model development, including acquisition of the necessary data, should begin without delay.
CONCLUSION
The long-term resilience of large sedimentary basin aquifers in North Africa is testimony to the crucial role aquifer storage plays in climatically stressed systems. In future, careful and sometimes innovative management of aquifer storage will be vital if the threats of climate change to Africa's water resources are to be confronted. Important decisions will have to be made and groundwater flow models can greatly assist the decision-making process. Considerable effort should be made to incorporate aquifer storage in models and use them in transient mode. Transient models impose additional data demands, notably in the form of reliable specific yield and storativity values, together with good temporal information on catchment precipitation, potential evaporation, aquifer water levels and stream flows. Ultimately, it is the lack of reliable field data to "fuel" the predictive models that promises to be the greatest constraint on assessing climate change impacts on groundwater.
